Abstract. The aim of this study was to study bone marrow quality from various location and species for reconstruction of segmental critical size defect in irradiated weigh bearing bone. Sample of bone marrow aspirates from rabbits and Beagle dog were analyzed. Rabbits were implanted with a composite associating resorbable collagen membrane plus micro macroporous biphasic calcium phosphate (MBCP®) and autologous bone marrow (BM) injected after irradiation. Bone marrow samples were found to be significantly less rich in tibia than in humerus and ilium in Dog and less rich in Dog than in Rabbit (p<0,05). Successful osseous colonization bridging of the defect were obtain at 16 weeks in all animals. Identical repartition of bone ingrowth and residual ceramic at the different levels of the implant suggest an osteoinduction role of the bone marrow graft in the center of the defect. This model succeeded in reconstruct a large segmental defect in weight bearing and irradiated bone in rabbit.
Introduction
Reconstruction of segmental large bone defect still represents a challenge either in orthopedic and oral oncology situations. Ceramics alone has failed in providing enough newly bone formation. Most of the models associate an isolation from whole bone marrow aspirates, an ex vivo expansion and then an attachment of mesenchymal stem cell to the biomaterial. However there are several critical questions regarding the quality of cell population isolation, the preservation of stem cell properties after expansion, and the reproducibility of the model for clinical and surgical application owing to its complexity [1] . Moreover still constitutes a challenge in tumoral therapy, few studies have focused on the use of ceramics in irradiated bone. We have previously reported good results in bone substitution with BCP and bone marrow graft in pre-radiation or postradiation conditions in animal studies [2, 3] . The aim of this study was a: to determine the quality of bone marrow origin, b: to reconstruct a segmental critical size bone defect with a composite associating resorbable collagen membrane plus micro macroporous biphasic calcium phosphate (MBCP®) and autologous bone marrow (BM) injected after irradiation.
Material and Methods
The composite has associated 5x5x5mm MBCP granules composed of a 20/80 HA/TCP ratio, and a porcine collagen membrane (Biomatlante SAS, Vigneux de Bretagne, France). For the bone marrow study, 6 White adult New Zealand Rabbit and 6 adults Beagle dogs have been investigated according Good Animal Practice recommendations. Bone marrow (BM) aspirates were removed from humerus, ilium, and tibia of rabbits and dogs. The samples have been immediately spread on slides, stained with Hematoxylin-eosin hematopoietic cell was evaluated for each sample and qualified as 1 for very poor, 2 for poor, 3 for intermediate, 4 for rich, 5 for very rich. Bone implantations were performed in six rabbits under general anesthesia. 2 cm length segmental defects were surgically removed from the middle height of the femur. Osteosynthesis were performed by two superposed steel plate. A 30x40mm resorbable porcine collagen membrane was placed around the defect and then completely filled with MBCP granules (Fig. 1) .
External fractionated radiation delivery was initiated 2 weeks after implantations and performed at the ONCOVET society (59650 Villeneuve d'Ascq, France). The delivered doses were established to be sufficient equivalent doses for the treatment of squamous cell carcinoma in rabbit. Irradiation was strictly localized on the inferior legs. Irradiation was delivered by low-energy photons from an X-ray source with energy of 300KVp (PANTAK, THERAPAX DXT 300, Gulmay Medical, UK). A total cumulative dose of 32 Gy was delivered in a rate of 2 Grays daily, 4 days per week, during 4 weeks. One week after radiation, autologous BM graft was injected in the implanted site. One ml of BM was removed from right humeral epiphysis with a 18 G needle previously heparinated (50 mg of heparin in 1000 ml of physiologic serum dilution) and were then immediately injected transcutaneously in the center of the implants under radioscopic control. Eighteen weeks after the BM injection, implants were fixed in 4% paraformaldehyde phosphatebuffer solution, then dehydrated and embedded in glycol-methacrylate (GMA) resin. Serial sections were realized using a diamond saw microtome and hard tissue microtome with tungsten knife. The sections were stained with Movat's pentachrome and thicker sections were observed under polarized light. SEM studies were performed with backscattered electrons (BSE) at 15 kV in conjunction with image analysis on thick sections. Bioceramic and newly formed bone was analyzed in the different levels of the implant: center, superior quarter, inferior quarter; and 3D images were realized using X-ray micro CT (Skyscan 1072). Cytological myelographic analysis and histomorphometric (bone ingrowth and Bioceramic resorption) data were evaluated using ANOVA with FISCHER test.
Results
Ilium aspirate was technically more difficult to perform than other sites in both species, owing to orientation of the cortical surface that is also covered by thick muscles. Physiological bone marrow cells were found in all samples and cell counts confirmed that grafts enclosed physiological bone marrow without blood recovery. Hematopoietic cell global abundance was significantly lower in tibial site than in ilium or humeral site in Dog (p<0,05) whereas no difference was observed between all sites in rabbit. No difference was found between ilium and humerus with respect to global hematopoietic cell abundance and count for every lineage. Hematopoietic cell global quantity was significantly lower in dog than in rabbit for all sites (p<0,05). 3D imaging allowed global examination of the implants and showed a bony formation bridging the whole length of the defect in all implants. 2D imaging showed that newly formed bone repartition was homogeneous in 3 implants and quite heterogeneous in others. In these last one, new bone was observed essentially surrounding the implant at the initial collagen membrane location. The new bone formation was both observed surrounding MBCP granules and into the macropores with direct contact (Fig. 2) . With both polarized light microscopy and SEM using BSE, the bone appeared well-mineralized and organized. Lamellar bone was observed directly in contact with the MBCP granules without fibrous interposition. The new bone formation has developed from each host bone extremities of the defect to the core with an osseous continuity. However, the bone ingrowth was not homogeneous according to the repartition in axial plan. In 3 implants, new bone formation was formed both in the center and in the periphery of the implant, MBCP granules appeared totally integrated. In the 3 others, newly formed bone was observed mainly on the periphery of the osseous defects. The border of the defect was filled with compact bone with dense and lamellar structures with few spaces for vessels and soft tissue. The center of the defect for these 3 implants, was filled with few osseous trabeculae, but large amounts of hematopoietic precursors and blood cells were observed. Some granules had no close contact with newly bone formation but were associated to large cellular content of hematopoietic cells. This trend to peripheral trabecular bone formation was also observed in the first 3 implants in which MBCP granules were filled with both compact bone at the border, and trabecular bone within the granules. Neither acellular, avascular area nor fibrous encapsulation was observed in both samples.
No statistical difference was observed between the center and the quarters of the length defect according to ceramic and newly formed bone calculated with SEM image analysis.
Discussion
This is the first study that has investigated and compared the site and species influences on BM quality and that has tested ceramics for reconstruction of segmental critical size defect of load bearing irradiated long bone. Since autologous bone graft or biomaterial alone has failed to reconstruct large defect, BM cells have been proposed in this indication. BM is constituted by hematopoietic and mesenchymal stem cells MSC. The last are mutipotent and can differentiate among other osteoblastic lineage. BM has been reported to contain almost 1-2% cells with potential of osteoblastic differentiation [4] and MSC osteoinduction properties have been well demonstrated [5, 6] . Some studies have reported several differences in bone marrow MSC quantity and quality according from the location of bone, especially between orofacial and long bone. Moreover there are limitations to collect sufficient BM samples because of the limited size or inaccessibility of some bone. Therefore, determining appropriate technique and most favorable site for BM collecting might be critical to achieve experimental models. This study revealed that BM samples are significantly less rich in tibia than in humerus and ilium in Dog while no significant difference is observed in Rabbit. BM samples are significantly less rich in Dog than in Rabbit (p<0,05). Humerus collecting technique appeared to be more reproducible than ilium owing to its relatively easier approach. These significant differences according to bone location and species are consistent with the necessity to better define experimental models in BM-based tissue engineering. Moreover, comparison of studies conducted in different animal models should be made with caution. Few studies have focused on large segmental defect in high weight bearing bones. Viability of a critical size segmental defect in rabbit femur is a challenge in itself as osteosynthesis should support physiological loading and the defect should not heal spontaneously until the end of the implantation delay. Two cm defects in rabbit femur has been described to be a critical size defect at 16 weeks [7, 8] . The presented defect was considered to be critical and for ethical consideration no control group was constituted. Potential use of faster resorbable ceramics in bone tissue engineering have been suggested [9] and we chose a bioceramic with 20/80 HA/TCP ratio for this study. As periosteum was removed, a porcine collagen membrane has been used to maintain granules in the defect. External radiotherapy after large bone removal and reconstruction is a common situation either in orthopedic and orofacial oncology. Radiation effects on normal bone are well known: BM is deprived, vascularization, bone ingrowth and bone remodeling are decreased [10] [11] [12] [13] [14] . Thus adjunction of an osteogenic component to the ceramic appears to be necessary since bone
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formation limitation factors (large and segmental defect, maximal biomechanical stimulation, radiation) are cumulated. Although MSC adjunction have proved its efficacy in improving bone ingrowth in these critical conditions, there are still several questions regarding donor site, isolation and expansion methods, and stem cell behaviour. Moreover such demanding protocols are less to be reproducible in tumoral surgery owing to waiting times and high costs. We previously reported that post-radiation total BM autograft can enhance the bone ingrowth in small bone defect reconstructed with MBCP granules in Dog or with injectable calcium phosphate (MBCP gel™) in Rats [2, 3] . On these bases we have developed a total bone marrow autograft model. Our experimental results indicated successful bone ingrowth of the composite associating MBCP®+collagen membrane+ post radiation total BM graft in a critical size defect in rabbit femur. Bridging of the defect with a lamellar and well organized bone was achieved in all animals. These observations are consistent with a biomechanical stimulated implant that was allowed by the chosen osteosynthesis. Bone and ceramics quantities were identical at the different levels of the implant that is unusual in macroporous calcium phosphate bioceramics where centripetal bone colonization is classical. These observations suggest that bone marrow graft in the center of the defect may have osteoinductive properties. Although the whole axial plane of the defect has not been completely filled with newly formed bone, a trend to periosteum like formation was observed in most animals. The collagen membrane is a biocompatible barrier that also acts as a resorbable healing scaffold and that can lead to a periosteum like tissue formation upon the external bony surface [15] .
Conclusions
This study allowed us to better defined bone tissue engineering model in determining the most favorable donor site which is the humeral site both in Dog and Rabbit model, and to achieve optimal outcomes in further irradiated bone regeneration studies. These findings demonstrate that a composite associating a collagen membrane filled with MBCP® granules with a total autologous bone marrow graft injection can successfully repair a critical segmental defect in irradiated bone. This has significant implications for bone tissue engineering approach to patients with cancerrelated segmental bone defects.
